Power amplifiers based on combining two power stages where one supplies the bulk of the load power and the other insures high output signal quality are discussed. This description yields a unique parallel topology. Experimental and theoretical results shows this topology has high performance without large efficiency or hardware penalties.
Introduction and Background
Switching and linear series pass regulators are often cascaded to form a single reasonably efficient power supply that has tight output regulation and low output ripple. Since regulators are just amplifiers where the input is constant and the output stage is usually simplified to operate in only one quadrant, then this cascade connection can be thought of as the series connection of two voltage output amplifiers. This viewpoint of the cascade connection of switching and linear regulators naturally leads to the more general concept of combining multiple amplifiers into a single net or composite amplifier that has improved properties.
Desirable improved properties include increased output power and better output signal quality.
There is a large body of literature concerning series and parallel connection of many identical stages to increase the output power. For example, results for switching stages show that they can easily be interconnected and that synchronous modulation allows some improvement of the output signal quality through ripple cancellation [1] , [2] , Usually, though, the signal quality improvements are small or secondary in importance compared to the increase in the output power range for these types of connections.
On the other hand, the series connection of switching and linear regulators is an example of using multiple amplifiers to improve the output signal quality with little or no effect on the output power capability. It is connections of this sort that form the focus for this paper.
Two amplifiers are combined and controlled so that a main amplifier supplies the bulk of the output power and a lower range correction amplifier increases the output signal quality without supplying significant output power. In particular, the goal of the research was an efficient power amplifier with high output waveform quality. Switching amplifiers and passive filters by themselves must have some ripple and distortion in their outputs, and this ripple and distortion becomes progressively larger as the desired large signal bandwidth gets closer to the switching frequency. Composite amplifiers formed by a switching main amplifier and a linear correction amplifier are one way to have a high output waveform quality and a high large signal bandwidth without paying a large efficiency penalty.
Little basic work has been reported on for composite amplifiers designed for higher performance. There have been presentations of particular examples ranging from combining a class A and a class AB output stage for reduced waveform distortion in audio applications [3] to a number of schemes for individually regulating the outputs of a multiple output switching converter [4], [5] , Although each example is a combination of two amplifiers they are not presented as such.
Without this viewpoint the example's similarities and differences cannot easily be evaluated and more importantly the set of all possible topologies cannot be systematically explored. Therefore, this paper starts with a general classification of composite amplifiers and discusses their properties. The discussion is then limited to composite amplifiers with a switching main amplifier and a linear correction amplifier. Composite amplifiers of this sort are very promising because they have power efficiencies close to that of the switching amplifier and a waveform quality close to that of the linear correction amplifier. The paper concludes with a theoretical and experimental example of a little known or used parallel topology that has a number of advantages and interesting properties.
General Theory
There are only four distinct composite amplifier topologies where a main amplifier supplies the bulk of the output power and a correction amplifier increases the quality of the output waveform without supplying significant output power. Figure 1 gives a schematic Author was with MIT working at the C. S. Draper Laboratory for this research. representation for each of the topologies. Often the amplifiers of a composite amplifier are interconnected by some form of passive coupling network consisting of series and/or shunt impedances, transformers, or combinations of both. The details of these coupling networks has been omitted from Figure 1 for the sake of clarity since these networks are not unique and usually the network can be divided and the parts lumped with individual amplifiers.
Figure i has been organized to emphasize the similarities and differences between the four topologies. For example, the top half of Figure 1 shows voltage output composite amplifiers while the lower half gives the analogous current output topologies. This symmetry between the voltage and current output topologies means that it is sufficient to describe the operation and properties of the voltage output topologies, the current output topologies are then understood by analogy.
The first structure (I) is the series connection of two voltage sources and is the model for the cascade connection of switching and linear regulators example mentioned earlier. The output of the main amplifier is controlled so that the output voltage of the correction amplifier is minimized.
Equivalently, the main amplifier is controlled so that its output is as close to the desired composite amplifier output voltage as is possible, i.e. it is controlled as if it were the entire amplifier itself.
The correction amplifier is then used to buck out any ripple and distortion in the main amplifier's output. This operation means that the correction amplifier only needs a voltage range just larger than the main amplifier's maximum deviation from the desired output. Therefore, the operating voltage range of the correction amplifier only needs to be a small fraction of the output range. If the voltage range is kept small, then the correction amplifier's output power must be a small fraction of the net output power even though it passes the full load current. In the case of a switching main amplifier and a linear correction amplifier this means that the power dissipation of the composite amplifier is still a small fraction of the output power, i.e. this form of composite amplifier retains the high efficiency of the switching stage while retaining the high waveform quality of the linear stage.
The second form of composite amplifier (II) is called a parallel connected voltage output composite amplifier.
In this configuration the correction amplifier directly defines the output voltage and the main amplifier is a controlled current source that is driven by the explicit feedback loop shown. This loop drives the main amplifier so that the output current of the correction amplifier is as small as possible, which is analogous minimizing the correction amplifier's output voltage in the previous topology. Equivalently, driving the correction amplifier's output current as small as possible can be viewed as raising the load impedance that the correction amplifier sees. Because the main amplifier supplies most of the output current at whatever voltage the correction amplifier defines, then it supplies most of the output power.
The correction amplifier's output power is limited because its output current is limited. Standard shunt regulators such as that used in high voltage supplies are similar to this topology. The main difference is that the composite amplifier explicitly controls the main amplifier for optimum performance.
Shunt regulation schemes usually just count on the power source having a large enough output impedance to work against and an open circuit output voltage that is large enough to maintain the desired output voltage. Therefore, shunt regulators pull an approximately fixed power from the source and any of this power not taken by the load must be absorbed by the shunt regulator.
One very interesting property common to all of the composite amplifier topologies is that the stability of a control loop around the main amplifier is not affected by the load. This can be seen more clearly for the parallel voltage output topology (II). In this topology, the ideally zero ohm incremental impedance of the voltage output correction amplifier dominates any load impedances, hence the main amplifier sees a fixed load impedance. In the series connected voltage output topology the main amplifier ideally sees an infinite incremental load impedance because changes in its output voltage will not change the output voltage and hence will cause no changes in the load current. Similar " arguments show the incremental load impedances of the main amplifiers for the current output topologies to be ideally zero and infinite for III and IV respectively. This property is particularly helpful for main amplifiers that include passive coupling or filter networks. In this case an unknown load impedance would combine with the open loop output impedance of the main amplifier to create an unknown transfer function within the control loop around the main amplifier. This unknowness makes it very difficult to insure that the loop around the main amplifier will always be stable. Composite amplifier topologies prevent this unknowness by loading the main amplifier with a fixed impedance, which allows stable high performance loops around the main amplifier.
It is important to realize that for a composite amplifier topology to increase the output waveform quality over that possible by the main amplifier alone then the correction amplifier must be a different design that has higher output waveform quality. In practice this is usually not a problem. This follows because composite amplifier topologies insure that the correction amplifier operates at a lower power level than the main amplifier and it is usually easier to make a higher performance amplifier at a lower power level. This adage even follows when down-scaling the power level of a given type of output stage. The inherent split in the power capabilities of the main and correction amplifiers means that the large signal, meaning near full output power, bandwidth is primarily determined by the properties of the main amplifier. On the other hand, the small power bandwidth is determined by the correction amplifier and can be much larger than the large signal bandwidth.
Note that there is a distinction between small signal and small power bandwidth.
For an appropriate load impedance, the higher small power bandwidth can translate into a higher large signal bandwidth.
Given that the design of the composite amplifier topology allows the range of the correction amplifier to be limited, then there might be some inputs that overload the correction amplifier even though the output voltages and currents might be within the static limits of the composite amplifier. There are two major implications of overloading the correction amplifier. First, for the series connected voltage output topology (I) overloading the correction amplifier corresponds to voltage saturation.
Therefore, the main amplifier becomes directly connected to the output and the characteristics of the composite amplifier reduce to that of the main amplifier. For the parallel voltage output (II) topology on the right side of Figure 1 the situation is more complex. Here overload of the correction amplifier corresponds to running into its output current limit. In this case the main amplifier still becomes directly connected to the output but what was a voltage output amplifier is now reduced to characteristics of a current output main amplifier.
The current output topologies again perform analogously with those on the right half and those on the left half of Figure 1 reacting similarly. The second implication of the correction amplifier being overloaded is that the main amplifiers being directly connected to the output means that load impedances will affect the control loop around the main amplifier. Therefore, there is a chance that overloading the correction amplifier will lead to instability of the main amplifier.
In summary, there are four important properties that distinguish the different composite amplifier topologies from one another. These four properties are:
1. Whether the main amplifier is current or voltage output.
2. Whether the correction amplifier is current or voltage output.
3. Whether the amplifiers are connected in series or in parallel.
4. Whether the main amplifier is controlled to the output variable or is in an impedance modifying loop.
With four two valued properties it might seem as though there should be 16 different types of composite amplifiers. But most of these combinations do not make sense or they can be reduced to one of the four possibilities listed in Figure 1 . As an example of combinations that do not make sense consider either the parallel combination of two voltage sources or the series connection of two current sources. As an example of a situation that can be reduced to one of the given types consider a series connection of voltage sources where the main amplifier is controlled in an impedance modifying loop. In this case an impedance modifying loop would minimize the voltage across the correction amplifier. Minimizing the voltage across the correction amplifier is equivalent to driving the output voltage of the main amplifier as close to the desired output voltage of the composite amplifier as is possible, which is just what was stated for the type I composite amplifier.
Therefore, although there are four two-valued topological properties not all combinations are possible and all of those that are possible can be reduced to one of the four types shown in Figure 1 .
Some Practical Distinctions
To allow more concrete results the discussion will now be limited to a switching main amplifier and a linear correction amplifier forming a voltage output composite amplifier. In other words, the discussion is now limited to the goal of a power efficient voltage output amplifier with high output waveform. Given these restrictions the topologies no longer yield symmetric performance.
Consider that almost all practical sources of power are best modeled as voltage sources. Therefore, the open loop behavior of all of the main amplifiers will include a low output impedance.
Creating a switching current source requires a control loop around the switching stage and at least part of the passive filter network that couples the main amplifier to the correction amplifier. This loop could limit the performance of the net amplifier. An even more basic distinction between the current and voltage output main amplifiers is in the possible order of the passive coupling networks. For lossless coupling networks the transfer function from the switching stage to the controlled output must be of even order for voltage output stages and must be of odd order for the current output stages. This condition is unfortunate for the current controlled main amplifiers since a second order filter is usually the best compromise between filtering action and closed loop dynamics.
A very interesting distinction between the two topologies is the output characteristics when the dynamics of the switching main amplifier start to become insufficient to follow the desired waveform. In both topologies the correction amplifier must start to supply more of the output power if the output waveform is to be correct. For the series connected topology this means that the amplitude of correction amplifier's output voltage must get larger. But, the floated supply voltage of the linear stage forming the correction amplifier must be kept as small as possible so that the power dissipated in it during normal operation is kept as small as possible. Therefore, keeping the power dissipation low during normal operation directly implies that the correction range of the correction amplifier is limited in the series connected topology.
On the other hand, in the parallel voltage output topology low power dissipation only requires that the correction amplifier's output current be controlled to a low value during normal operation. This does not mean that transient output current range of the correction amplifier must be limited.
Therefore, on a transient basis the correction amplifier could be designed to supply the full load current.
Thus, even though the main amplifier may overload during a transient the correction amplifier can make sure that the output is exactly correct. If the duty cycle of these events is small then the average power dissipated by the correction amplifier will still be small and the thermal requirements on the linear output stage will stay small.
Because of the parallel topology's capability to insure the correct output even during main amplifier overload and because this topology has not been investigated thoroughly, a detailed analysis and experimental verification of a number of parallel topologies was performed.
Each of the examples showed a high performance that was the equal to or in some applications superior to the more common series connected topology.
What follows is the analysis and experimental results for the simplest form of parallel connected voltage output amplifier.
Parallel Connected Voltage Output Topology
A simplified schematic of the topology is shown in Figure 2 . Each of the elements is the simplest form possible. The switching stage is a buck stage with bi-directional power switches, the filter coupling network is a single inductor which yields a first order coupling transfer function, and the correction amplifier is based on a standard class AB bipolar stage. The linear stage's output current is measured and sent to the switch controller.
The switch controller then controls the duty cycle of the power switches so that the error current, labeled I , is e minimized.
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Fig. 3: Bang-Bang controller for parallel topology
If the input voltage is slowly varying compared to the switching period, the switching delay is zero, and the compensation block is just an effective error current sense resistor R_ s then an expression for the switching frequency f § is easily derived.
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Note that the switching will not be fixed because of its dependence on the output voltage V . In fact, the frequency goes to zero as the output voltage approaches the supply. If the output voltage is restricted to the reasonable range of plus and minus 90% of the supply voltage then the variation in switching frequency will only be 5 to 1. The maximum switching frequency occurs for zero output voltage. Because the design of the power switches is sensitive to the maximum switching frequency and because this quantity will be useful in later analysis the maximum switching frequency is designated f f z VR MWL, sm s s f
One very interesting property of this topology when controlled by a bang-bang loop is that the power dissipated in the class AB output stage of the correction amplifier is constant as long as the triangularly shaped error current (= correction amplifier's output current) stays within its hysteresis limits. This result follows because the bipolar output stage must conduct positive I from the plus supply and negative I to the negative supply. Therefore, the power supplied by the linear amplifier's supplies must be constant and equal V s times the constant average value of the full wave rectified triangular 1^.
As long as <* e (t)> = 0 then the power from the linear supplies must be dissipated by the linear output stage.
Because the (idealized) time average power dissipation is constant it does not make sense to talk about the efficiency of this amplifier topology.
A much more useful quantity is the ratio of the power dissipation to the maximum output power. Let this ratio be designated by n. For a voltage output amplifier the maximum output power corresponds to the maximum output voltage (V ) across the minimum load resistance (R, ). In this case lm n = R, /(8f LJ . lm sm f
The last importance performance feature of the amplifier is the power bandwidth limit. This limit is determined by the onset of voltage saturation in the switching stage of the main amplifier. At this point the output current of the correction amplifier will begin to rise rapidly. The lowest limit occurs for the minimum load impedance, so assume that the load is R. . Also assume that the desired output is lm bV s sin[2(pi)f^].
Just at the onset of voltage saturation the correction amplifier is supplying very little load current, hence in comparison to the load impedance it can be ignored. The problem then reduces to calculating the frequency where a sine wave of amplitude V s at the output of the power switches just yields the desired amplitude of bV" s at the output of the low pass filter formed by L^ and the effective shunt impedance R, .
With these r lm assumptions
A reasonable single value to pick for b is 0.707. For this value the rms output power is half of the maximum possible output power, f^ for this value of b can thus be referred to as the half power bandwidth limit.
At this point the analysis issues are pretty much covered and all that remains is for them to be experimentally verified.
Experimental Results
The experimental parallel structure voltage output amplifier is a direct implementation of the simplified schematic given in Figure 2 and the control strategy depicted in Figure 3 . The supply voltages were chosen to be plus and minus 20 volts and the switching stage's output current capability was designed to be about 5 amperes, corresponding to a 100 watt maximum output power. The buck stage forming the main amplifier is a MOSFET and fast recovery diode structure designed to work well at the 100 kHz nominal switching frequency. The correction amplifier is based on a class AB output stage that was carefully designed and built to have a very low output impedance at 100 kHz. The filter inductance L f was set at 300 microhenry so that the peak-to-peak error current would be .33 A p-p.
One point not addressed in the analysis should be mentioned.
Ideally the output voltage of the composite amplifier should be correct and have no switching ripple. Unfortunately, no real correction amplifier can achieve a zero output impedance. In the case of a non-zero output impedance Z Q U t at the switching frequency the output ripple will be on the order of *eP~P times ^o u t '
Careful design and attention to construction details yielded an experimental class AB correction amplifier with a .003 ohm output impedance at the 100 kHz switching frequency.
This value combined with 333 m A p-p value for the error current yields an output ripple on the order of 1 mV p-p. Experimental results show that when measured carefully so that ground loops with the oscilloscope are avoided the output ripple is just less than 1.5 mV p-p except for 10 mV p-p spikes that are extremely short and coincide with the very rapid transitions in the switching waveform. In any event, these amplitudes are small enough to ignore in all but the most demanding applications.
The first major check of the validity of the theoretical analysis of the parallel topology was to see if the block diagram given in Figure 3 accurately modeled the dynamics of the system. To check this a state space computer simulation was written to accurately simulate the dynamics of the block diagram. One test comparison between the computer simulation and the experimental hardware was a 12.5 volt amplitude sinewave driving no load. Figure 4 shows a plot of the error current I (t) from the e computer program and the corresponding oscilloscope photograph from the hardware. The first point to note is that their essential characteristics are identical.
Simulations of step responses, and responses with a load match similarly well to the hardware results. Hence, the given block diagram must capture the important details of the loop dynamics.
the control loop allowing the error current triangle to overshoot the trip points.
The amount of the overshoot depends on the slope of the triangle which in turn depends on the output voltage. This modulation of the tips of the error current triangle generates a component to the error current ERROR CURRENT The next parameter to consider is the half power bandwidth limit. Figure 5 shows the output voltage and the error current for a frequency just below the half power bandwidth limit. The second point to note about Figure 4 is that the envelope of the error current is not constant as one would expect for an idealized bang-bang controller acting on the error current. Detailed analysis shows that this effect is caused by delay in Note that at the peaks of the sine wave the error current is definitely beyond the normal limits and the closed loop oscillation of the switching power stage has stopped because the stage is beginning to voltage saturate. The load resistance for this photograph is 10 ohms, therefore the half power bandwidth limit by the analysis should be 5.3 kHz. The frequency in the oscilloscope photograph is 5 kHz, which is just below as it should be. The power ratio is not easy to directly measure. Indirect indications such as the temperature of the series pass devices in the linear stage agree with the theoretical value of only 1.67 watts of dissipation in the correction amplifier output stage.
The last performance parameter to consider is the transient response capability of the amplifier.
As expected the small signal response even under full load matched the 3 MHz small signal bandwidth of the correction amplifier.
The large signal transient response is shown in Figures 6 and 7 . In both cases the change in output voltage, and thus output current, is far too rapid for the main amplifier to follow. This deficiency means that the correction amplifier must supply the load current and the current that is still flowing in L f in the wrong direction, for a total current at the step of twice the load current. In Figure 6 the load resistance is 10 ohms and the output current limit of the correction amplifier is set just larger than the normal ripple current limits. With this low a current limit the composite amplifier goes into full overload, that is the main amplifier is voltage saturated and the correction amplifier is in current limited operation.
Therefore, the output voltage is not correct and it will move at a rate determined by and Rj. In Figure 7 the load resistance is increased to 20 ohm and the current limit of the correction amplifier is increased to just beyond 1 ampere. For these conditions the composite amplifier is only partially overloaded for 20 volt steps. That is, the main amplifier is voltage saturated and the correction amplifier is operating with its output current beyond its normal bounds. In this case, the output voltage is a very good step with no non-linear rounding of the edge. One way to eliminate the poor output waveform quality caused by full overload is to admit that the amplifier is bandwidth limited and to limit the bandwidth of the input. For example, an appropriate single pole filter on the input will round the corners of an input step enough to keep the error current within the allowed bounds and insure a clean output waveform.
In the experimental amplifier a 15 kHz first order filter worked fine.
Performance Improvements
The main way to improve the performance of this topology is to lower the amplitude of the current ripple coming from the main amplifier without lowering its power bandwidth.
If the switching frequency is held fixed then there are only two options for improving performance of the switching main amplifier. Either adding a higher order low pass filter or adding more switching phases that are synchronously modulated so that the primary ripple amplitude is lowered. Both of these improvements in switching amplifier performance require that the control loop around the main amplifier be greatly changed.
To a large extent the performance improvements in the composite amplifier made possible by the increased complexity of the switching main amplifier are equivalent to the improvement in the analogous stand alone switching amplifier. The main benefit to the composite amplifier topology is that the reduction in the average ripple current conducted by the correction amplifier allows its average power dissipation to be lower. For details on these systems the reader is referred to reference [6] .
Conclusions
The idea of combining switching and linear stages into a single amplifier that has lower output ripple without greatly increasing the power dissipation is not a new idea.
But here the entire class of such topologies is discussed along with a way to look at and compare them.
It is important to note that the composite amplifier theory on interconnection and control applies equally well to any sort of amplifiers forming the main and correction amplifiers. For example, the main amplifier of the final topology could itself be a composite amplifier with a switching correction amplifier. Furthermore, it can perform better than the series topology in the region where the main amplifier is beginning to overload.
In the series topology the correction amplifier very quickly saturates after the main amplifier begins to overload. In the parallel topology the output waveform will be correct until the current limit of the correction amplifier is exceeded.
Therefore brief transients can easily be handled by the parallel topology when the current limit is high enough, whereas the series topology under similar conditions would fail.
A much more in depth treatment of this material and a number of other pertinent topics can be found in reference [6] This treatment of composite amplifiers is by no means complete.
For example, one very promising but slightly different form of the series connected voltage output composite amplifier is shown in Figure 8 . In this topology the switching main amplifier not only supplies the bulk of the output power but it is responsible for insuring that the low frequency output voltage is correct.
The transformer and capacitively coupled correction amplifier only serves to remove the output ripple and higher frequency deficiencies of the main amplifier.
The potential performance of this topology is very high because the correction amplifier only conducts the ripple current over a very limited voltage range. Unfortunately though, it is not obvious how to design practical control loops for the amplifiers so that they are stable and yield the desired benefits.
Hence, this topology should be a fruitful area for future research. Fig. 8 
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